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state of the art in rockfall -forest interactions
To effectively prevent rockfall related disasters below forested slopes, silvicultural, eco-engineering, civil engineering or mixed techniques can be used. To do this in a cost-efficient manner it is necessary to know the following: 1) where rockfall events occur and which magnitudes are likely, 2) to what extent the forest reduces the run-out distances, the jump heights and the energies of rocks falling downslope, and 3) how the protective function of forests could be improved. This paper gives an overview of the current scientific knowledge and methods that are applied by practitioners who deal with rockfall and forests protecting against it. Efficient ways to derive information on the probable magnitude and frequency of future rockfall events from the source and deposit area are described. Subsequently, the scientific knowledge on the energy absorption capacity of single trees and the currently available knowledge on the protective function of forest stands against rockfall are presented. Then easy-to-use tools and simulation models for rockfall hazard assessment on forested slopes are described. Finally, this paper identifies the most important challenges to be tackled in the field of integrated rockfall-forest research. (Gardner 1970 , DussaugePeisser et al 2002 , Hantz et al 2003 , Sass 2005 . At locations where rockfall is known to pose risks to people, housing or infrastructure, protective structures have usually been put into place. In many of those cases, rockfall nets and dams are constructed upslope from houses, roads or railways (e.g., Peila et al 1998 , Gerber 2001 . In situations where the area between the element at risk and the cliff face is covered with mature forest, the risk is somewhat hidden. In such cases, the risk posed by rockfall is generally known only if rockfall events have reached houses or roads in the past. To effectively prevent rockfall related disasters below forested slopes, silvicultural, eco-engineering, civil engineering or mixed techniques can be used (Dorren et al 2005) . Here, eco-engineering is defined as the utilisation or enhancement of biological processes in or together with engineering design. Historically, forests were relied upon for protection but with improvements in engineered materials and design there was a move toward engineered works, but these structures have generally had a shorter lifespan than originally planned.
To protect against rockfall in a cost-efficient manner it is necessary to know: 1) where and what magnitude rockfall events occur, 2) to what extent the forest may reduce the run-out distances, the jump heights and the energies of rocks falling downslope, and 3) how the protective function of forests could be improved.
Research on rockfall mechanics has been carried out since the 1920's (Smekal 1920 , Lehmann 1933 , Bakker & le Heux 1946 , Crandell & Fahnestock 1964 , Kent 1966 , Broilli 1974 , Bozzolo & Pamini 1986 , Giani 1992 , Azzoni & de Freitas 1995 , Erismann & Abele 2001 , Chau et al 2002 . In contrast, research on the interactions between rockfall and forests was only initiated in the 1980's (Couvreur 1982 , Jahn 1988 . Currently, significant progress has been made in various aspects related to interactions between falling rocks and forests. The objective of this paper is to present an overview of the current scientific knowledge and methods that are used by practitioners who deal with rockfall and forests protecting against it. Finally, this paper identifies the most important challenges that need to be met in order to improve the protection against rockfall using the natural mitigation potential of forests.
The structure of the first part of this paper follows principally the three main areas that can be distinguished on an active rockfall slope: 1) the source area, 2) the transit area, and 3) the deposit area ( Figure 1 ). Hazardous rockfall source areas are typically characterised by steep rock faces that have unfavourable combinations of slope aspect and the dip and strike of bedding planes and the most prominent joint sets. The transit area lies between the rockfall source area and the deposit area. In this area, the rockfall velocities as well as the jump heights are maximal. Logically, the deposit area is the area where (most) rocks stop. These areas could overlap each other and boundaries between them are therefore not strict.
In all three areas, information can be obtained about the probable magnitude of future rockfall events. This is an extremely important parameter when dealing with rockfall protection. Therefore, this article pays considerable attention to the available methods in the three areas for determining the rockfall magnitude as well as the rockfall frequency. For each area we discuss the role of forests regarding rockfall protection. In the section dealing with the transit and deposit area this is done separately for individual trees and for forest stands as a whole. The subsequent sections outline management guidelines, criteria and indicators for optimal rockfall protection forests, and tools for assessing the protective function of forests against rockfall. The final section identifies challenges in integrated rockfall forest research.
rockfall source area
In this article, we define rockfall as a relatively small landslide confined to the removal of individual rocks generally smaller than 5 m 3 from a cliff face, but singular rocks with larger volumes (e.g., 10 m 3 ) should not be excluded. In addition, we do not differentiate between sizes of rocks, as there are many systems to define sizes of loose rocky material. For example, the system that differentiates between cobbles (ø = 64-256 mm) and boulders (ø > 256 mm), as described by Wentworth (1922) and later adapted by others (e.g., Blair & McPherson 1999) . Another system differentiates between rocks (ø < 50 cm) and blocks (ø ≥ 50 cm), as mentioned by Gerber (2001) . Following the volumetric classification of Whalley (1984) , the term rockfall in this paper refers mainly to debris fall (< 10 m 3 ), but also to boulder fall (10-100 m 3 ).
Locating active rockfall slopes
At the cliff face, being a potential source area for rockfalls, often a lot of information about the potential rockfall hazard can be found. The two types of parameters that can be assessed are so-called «rockfall promoters» and «rockfall triggers». Rockfall promoters are joint attitude, presence of joint infillings, open cracks, and rock strength. These parameters determine the preparation of loose rocks that eventually could fall down. Rockfall triggers are joint water pressures, freeze-thaw mechanisms, tree root growth and earthquakes, which initiate the actual rockfall (Dorren 2003 , Krautblatter & Dikau 2007 . Due to the complex interaction of rockfall promoters and triggers, it is difficult to provide the failure probability of a potentially falling rock as a function of a given period (Hantz et al 2003) .
Quite often rockfalls occur suddenly in places with few or no prior indications of instability. Slope instability indicators include both features related to future failure, such as open cracks or rocks in limited equilibrium, and features indicating recent and past failures, such as scars in the cliff face. Generally, past rockfall activity is a good source of information if rockfall conditions in terms of magnitude and frequency of rockfall promoters and rockfall triggers have not changed significantly. Recent rockfall activity in the source areas is apparent due to the presence of «fresh» scarps, whose age can be judged according to the degree of weathering.
Future rockfall activity can be detected by comparing the geological structure of the rock mass and the topography of the slope (Hoek & Bray 1981 , Goodman & Shi 1985 . In this context, the size, density, orientation and continuity of rock discontinuities are of central importance. Methods for the quantitative description of discontinuities in rock masses are summarized by Barton (1978) . Many methods currently exist for estimating the probability of failure that are based on relative rock failure rating systems (Mazzoccola & Hudson 1996 , Budetta, 2004 , Corominas et al 2005 , Jaboyedoff et al 2005 . Frequently applied systems are the Slope Mass Rating by Romana (1988) , the Rockfall Hazard Rating System (RHRS) developed by Pierson et al (1990) and Matterrock (Rouiller et al 1997) . Such methods generally require ratings for geologic characteristics, the volume of the potentially falling rock, rockfall history, triggering factors (climate, water circulation), and in some cases estimates for future trends in the stability of a slope.
Assessing rock size
The volume of a detachable block may be estimated, as a first approximation, on the cliff face. Three parameters are considered as the most important when determining the volume of a detachable block: spacing, attitude, and persistence of discontinuities (Corominas et al 2005) . Spacing of discontinuities controls the size of the individual blocks after the first impact of the fallen mass on the ground (Priest & Hudson 1976) . Attitude and persistence (continuity) of joints determines the size of the largest detachable block. It is usually difficult to measure rock sizes in the rockfall source area because of limited accessibility as well as the imminent danger of rockfall. In addition, there are methodological limitations for determining joints that will finally lead to rock detachment. However, it is important to analyse both the source area and the deposit area to gain an indication of the rock size distribution (Mölk 2000) . Available methods for assessing the rock size in the source area are summarised in Table 1 .
Assessing rockfall frequency
In general, the frequency of rockfall events has to be assessed separately for all rock size classes as no frequency -magnitude relations have been established that covers all rock size classes (Abele 1972 , Whalley 1984 , Krautblatter et al 2007 . Important sources for predicting rockfall frequencies are historical and present observations. Larger rockfall events are often recorded in historical descriptions, documents and maps (Morche et al 2006) , but their interpretation could require experience with historical sources (Glade & Lang 2003) . The prediction of future frequencies on the basis of historical rockfall events is, however, only possible if unaltered environmental conditions can be assumed (Krautblatter & Moser 2006) . Therefore, such methods are generally not applicable for environments that 1) currently experience a phase transition due to climatic fluctuations (e.g., permafrost melting), 2) whose constitutional state has been altered by a preceding major event (e.g., large rockfall), 3) whose environmental setting has been changed due to anthropogenic or natural interactions (e.g., road undercutting or fluvial incision), and 4) those which are prone to be affected by future triggering situations (e.g., earthquakes, extreme rainstorm events).
For recent rockfall frequencies, institutionally organised assessments of rockfall activity are in some cases made by geological services, organisations surveying or constructing infrastructure, forest or natural hazard management services or by scientific organisations (Hungr & Evans 1988 Side-result: bulking-factor (amount of opening of joints for a given measuring length).
Simplified assessment of rocks due to assumption of orthogonal rock form.
Second direction of measurement often difficult to execute (working on a rope …).
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effects of trees
In the rockfall source or detachment area, effects of trees regarding rockfall protection are generally negative. Roots of large trees can promote rockfall activity, because they generally penetrate existing joints and bedding planes in the bedrock and act as wedges. Movement of the tree stem due to snow or wind forces can cause rockfall via an additional wedge effect of the roots (Gerber 1998). In addition, the presence of roots in the bedrock accelerates chemical weathering (Jahn 1988) . Therefore, in practice, unstable trees on top of cliffs and trees with large roots penetrating the bedrock should be removed. If the above described negative effects of trees are absent, the positive effect is that stable standing trees act as barriers and decelerate or stop falling rocks, even in steep source areas.
transit and deposit arearockfall frequency and magnitude
The easiest indicator for assessing the location of active rockfall slopes is the presence of rockfall deposits in the form of a talus slope or singular rocks deposited below a cliff face. A talus slope, also called scree slope, is a sloping mass of coarse rock fragments accumulated at the foot of a cliff or slope (Allaby & Allaby 1990). Of note, a deposit area can also act as a secondary rockfall source area.
Talus slopes document the activity of rockfall source areas over a certain span of time, e.g., a Lateglacial/Holocene (10 000-15 000 years) time period in Alpine environments. Therefore, they witness the historical rockfall activity. The present degree of rockfall activity is indicated by vegetation cover on talus slopes. Where rockfall is the main restricting factor for plant growth, non-vegetated talus slopes match with high rockfall activity, whereas talus slopes tend to be vegetated or even forested with decreasing rockfall activity (Gerber 1974). In situations where the slope is forested, rocks stopped by trees below a cliff face and visible rock impacts on tree stems are also good indicators of active rockfall slopes.
Assessing rock size
Deposit areas represent fragments of ancient and recent rockfall events and are therefore good sources for evaluating rock sizes. A prerequisite for assessing rock sizes on talus slopes is that rockfall conditions in terms of lithology and/or fracturing degree in the rockfall source area have not changed significantly since the initial build-up of the talus slope. Methods to assess the rock size distribution in the deposit area are summarised in Table 2. When examining deposit areas, and especially talus slopes, it is necessary to recognise that the distribution of rock sizes is not homogeneous. Large rocks travel further (Kirkby & Staham 1975 , Erismann & Abele 2001 , Meissl 2001 , Dorren, 2003 and are therefore concentrated at, or deposited beyond, the base of the talus slope. Secondly, over time, large rocks that are deposited on the talus slope can be covered by fine debris (small rocks). The most efficient way of finding buried rocks is ground penetrating radar (GPR) (Sass & Krautblatter 2007) . Thirdly, it is necessary to recognise that the size of a deposited rock may not always correspond to the original size of the falling rock, due to fracturing during downslope movement. Surfaces that have been freshly exposed due to fracturing are often visually apparent due to different weathering intensity and the lack of a biocrust, i.e., a cover with a film of bacteria (Sass et al). 1
Assessing rockfall frequency If no information on the timing of the rockfall is available, a range of relative and absolute dating techniques can be utilised. Within the relative dating techniques, one of the cheapest possibilities is comparing the degree of weathering of the side of the rock that was formerly attached to the rock cliff to that which was exposed to weathering prior to the rockfall. For carbonate rocks, unweathered surfaces are often white or yellow and turn grey after some years of surface exposure (e.g. 5 years for finegrained limestones according to Friedel 1935) . For non-carbonate rocks the difference in degree of weathering is less obvious, but nevertheless apparent (Figure 3 ). Another indication of freshly exposed surfaces is the absence of green biocrusts. An easy measurement of the degree of weathering can be done with a Schmidt Hammer (Sass et al submitted). If needed, thin sections of weathering crusts can give final evidence for differential weathering (Trudgill & Viles 1998 , Taylor & Viles 2000 .
A known and suitable absolute dating technique is lichenometric dating. It is based on the assumption that the concentric growth of lichens on rocks provides an indication of the time since the rockfall event. Lichenometric dating is possible due to the regular growth rate of some species of lichen (Bull & Brandon 1998 , McCarroll et al 1998 , BajgierKowalska 2002 ies have succeeded in dating lichens on carbonate rocks. Growth curves of lichens must be calibrated using local inventories such as gravestones (Winchester & Chaujar 2002) . If funding is available, sophisticated absolute dating methods of deposited rocks can be applied. An overview of possible methods for dating rockfall events is given by Lang et al (1999) . Frequently applied methods include dating of underlying and covering sediments using carbon content for 14 C-datings, or using quartz and feldspar content for luminescence dating (Schrott et al 2002) . A newly introduced method is the dating of the surface exposure of rocks with cosmogenic nuclides. Surface exposure dating is possible using 10 Be for siliceous rocks (Ballantyne & Stone 2004) and 36 Cl for carbonate rocks (Desilets et al 2006) . However, as the application of these methods is still very expensive, they are mostly carried out for scientific investigations. All these methods have their limitations; for example, 14 C-datings are generally not used for any material that is less than at least 50 years old. Moreover, there are confidence intervals that do not allow an exact date to be determined.
Another absolute dating technique is dendrogeomorphology, which studies «signatures» left in tree-ring sequences after geomorphological processes (e.g., tangential rows of traumatic resin ducts, callus overgrowing rockfall scars, reaction wood forming after tilting of the stem, sudden growth reduction as a result of breakage of the tree top). Dendrogeomorphology uses information on scars that are still visible, as well as overgrown scars that are hidden in the tree (Figure 4) .
Over the last few years, dendrogeomorphology has been increasingly used in Switzerland to study past rockfall activity (Stoffel 2006 , Stoffel & Perret 2006 . Such studies provided reliable reconstructions of rockfall activity covering several centuries (Stoffel et al 2005a) . The identification of the intra-annual position of scars together with data on the vegetation growth period even allowed determination of past rockfall activity with monthly resolution (Stoffel et al 2005b , Perret et al 2006 . Dendrogeomorphology uses information on scars that are still visible, as well as overgrown scars that are hidden in the tree. For a rapid assessment of the rockfall frequencies during recent years (< 20 years depending on the size of the original scars), only the visible scars can be used (of note: the sample in Figure 4 has closed over in 5 years). For a more detailed investigation of rockfall frequencies over the several decades to centuries, a labour intensive fieldwork is required.
effects of forest in the transit and deposit area
In both the transit and the deposit areas, a protection forest stand is generally more effective in reducing the velocity and the rebound heights of falling rocks than in the source area, because the slopes are generally less steep and the forests more dense. As mentioned before, trees do have a barrier effect in the source area as well. Therefore, the following section finds its application mostly in the transit and deposit areas, but is not restricted to those two.
energy absorption by single trees
It is often thought that only rocks with a maximum volume of approximately 2 m 3 can be stopped by single trees. There are many examples throughout the Alps of large rocks, up to 10 m 3 , being stopped by trees. However, the probability that trees will be completely destroyed if impacted by such rocks is higher.
A single tree dissipates energy during a rock impact in several different ways: rotation and translation of the root system, deformation and oscillation of the tree stem, and local penetration of the rock at the impact location (Foetzki et al 2004 , Brauner et al 2005 . Because a single tree absorbs energy in different ways, quantification of the total amount of absorbed energy has proven to be very difficult. To quantify the energy absorption capacity, both simplified theoretical methods and results from full-scale experiments can be used. Three theoretical methods exist. The method suggested by Stokes et al (2005) uses data from static winching experiments to calculate the amount of energy required to cause a failure in the root system. The method suggested by Brauner et al (2005) assumes that the bending energy is fully developed in the whole tree stem due to the oscillation of the tree stem. This is justified by the observation that the treetops break due to a rock impact to the lower stem.
Fig 4 Rockfall scar on a cross-section of Larix decidua Mill.
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The simplest method is the one suggested by Couvreur (1982) and Zinggeler (1990) , where values for the fracture energy are derived from standardized dynamic impact tests on small knot-free samples. However, recent investigations on green fresh tree stems from Norway spruce (Picea abies L. Karst.) trees have shown that the fracture energy per unit area increases by a factor 5 compared to small knot-free samples (Ammann 2006) .
None of the theoretical methods described take into account the dynamic effects of the whole tree stem, the root-soil plate, and the surrounding soil. Therefore, real-size rockfall experiments were carried out on living trees to obtain reasonable values for the energy absorption capacity. These were performed on a forested (predominantly Abies alba) slope in the French Alps (Dorren & Berger 2006) and on a forested (predominantly Picea abies) slope in the Swiss Alps (Kalberer et al 2007) . Both of these experiments are briefly discussed below.
For the experiments in the French Alps, large individual spherical rocks were released on a 38º slope and the velocity of the rocks was derived from digital video films (Dorren & Berger 2006) . The translational kinetic energy was calculated before and after a tree impact that led to stem breakage, which made it possible to determine the amount of energy absorbed by the tree. On the basis of their experiments, Dorren & Berger (2006) proposed an exponential relationship between the amount of energy that can be dissipated by an Abies alba tree and the diameter at breast height (DBH, measured at a height of 1.3 m upslope of the tree stem). By using a scaling factor, based on previously published fracture energies, they obtained a relationship between the energy absorption capacity and the DBH for different tree species ( Figure 5 ). They also established a relationship between the energy absorption capacity of a single tree and the degree of eccentricity of the rockfall impact on the tree stem ( Figure 6 ). These tests and their results have been extensively reported by Dorren & Berger (2006) .
In the Swiss Alps, the complex interaction between a rock and a tree during an impact has been investigated with a guided trolley that impacts the tree stem frontally (Kalberer et al 2007) . During the impact, the response of the tree was monitored using accelerometers and high-speed cameras. Because of the accurate monitoring of the tree displacement during the rock impact, it was possible to describe where and how much energy was absorbed in the tree stem and the root-soil plate. It was observed that different processes such as stem bending, rotation, and translation of the root-soil plate absorbed the initial energy of the trolley. During these experiments it was found that a major portion of the initially absorbed energy was absorbed by the root-soil system during the rotation and translation of the root-soil plate.
When comparing the maximum energy that can be dissipated by a single Norway spruce tree with a DBH of 0.45 m as obtained by: 1) standardized dynamic impact tests on small knot free samples (used fracture energy = 5 J/cm 2 ), 2) static winching experiments, 3) bending energy, and 4) real size rockfall experiments, method 4 is identified as providing the highest values (Table 3) .
protective effects at the forest stand level
If the size of the dominating falling rocks as well as the rockfall frequency is known, an evaluation can be made whether an existing forest has a significant mitigation role to play or whether the chance exists that it will be destroyed by future rockfall events. Whereas rock shape is thought to have a certain influence on the rockfall process on forested slopes (Frehner et al 2005) , rock size is generally the most important factor for determining the potential protective effect of a stand. It is well known that rock avalanches destroy forests that cover the transit and deposit area. Individual rocks, however, Stands with high stem densities are considered to be very effective in stopping falling rocks (Omura & Marumo 1988 , Cattiau et al 1995 . However, uneven multilayered stands with a mosaic of all sizes and age classes are considered more suitable as regeneration is better ensured in such stands (Dorren et al 2004 , O'Hara 2006 .
Fig 5 General relationship between the diameter at breast height (DBH) and the range of energy that can be dissipated during a rockfall impact lower than 2 m on the tree stem for broad-leaved and coniferous species (based on data from Dorren & Berger 2006).
For small rocks, stand density rather than DBH is important, since many trees are required to increase the probability of impact (Jahn 1988 , Dorren et al 2005 , Wehrli et al 2006 . In general, the larger the moving rock, the larger the mean DBH required to stop movement. However, the required DBH to stop a falling rock depends on the tree species, because, in general, broad-leaved trees are more resistant against rockfall impacts than coniferous trees (Dorren et al 2005, Stokes et al 2005, see also Figure 5 ).
As a rule of thumb, Schwitter (1998) suggested that the mean DBH of trees in a stand should be approximately one-third of the decisive size of the falling rocks. This rule of thumb has been confirmed by the findings of Dorren et al (2005) . Further, they found that the forest cover reduced the rockfall velocities on average by 26% and the maximum rebound heights by 75%. Their results confirm the findings of Jahn (1988) and Doche (1997) , who conducted rockfall experiments on forested slopes. They concluded that rockfall velocities on a forested slope with a mean gradient between 33 and 40 degrees are between 15 and 25 m/s and that bounce heights are generally between 1 and 2 m. Other field research on rockfall in forests has been done by Couvreur (1982) , Zinggeler (1990 ), Gsteiger (1993 , Cattiau et al (1995) , Perret et al (2004) , and Stokes et al (2005), who mainly undertook retrospective analyses of rockfall trajectories on forested slopes. They found similar velocities and rebound heights. Tree impacts also cause lateral deviations in the rockfall trajectory. As a result, the total travelling distance of a moving rock is generally longer on forested slopes (Dorren et al 2005) . As a result, the chance of the rock impacting a tree increases. However, it also results in a wider run-out area (Figure 8) . A lateral deviation of 10º from the central downslope line to both sides was observed by Dorren et al (2005) and Jahn (1988).
tools for assessing the protective function of forests
The available tools for assessing or quantifying the protective function of forests against rockfall can be grouped into either 1) rapid assessment tools or 2) simulation models. Many of these tools can also be used for rockfall hazard mapping, taking the role of forests into account, or for mapping forests that currently provide effective protection against rockfall.
rapid assessment tools
One of the first rapid assessment tools was the Mean Tree Free Distance (MTFD) calculation by Gsteiger (1993) , later adapted by Perret et al (2004) and Dorren et al (2005) . The MTFD basically calculates the probable mean distance between two tree impacts in a forest stand, where the forest structure is considered as a regular grid. Brauner et al (2005) also developed a tool that is based on the MTFD concept. Moreover, they added a calculation of the energy that would potentially be dissipated per tree impact. The latter was based on the fracture energy per unit volume wood, which was derived from laboratory bending tests of whole stems. Another tool that combines the number of probable impacts in a forest stand with the energy dissipative capacity of trees is Rockfor.net (Berger & Dorren 2007) . This tool allows a site-specific assessment of the current protective effect of a stand while taking into account forest, terrain, and rock characteristics. The basic idea of the rapid assessment tools is that a forest manager can easily assess the protective capacity of a forest stand to support decision making on required silvicultural or technical measures.
simulation models
There is a plethora of rockfall simulation models, varying from 2D to 3D and from statistical models to deterministic models. With the increasing digital mapping and spatial modelling capabilities, there is a tendency towards 3D combined deterministic -probabilistic rockfall simulation models, both at local and regional scale (for overviews see Guzetti et al 2002 , Dorren et al 2006 . However, only a few rockfall simulation models take into account the mitigating effect of the existing forest cover (e.g., Rockfall simulation models that explicitly account for forests, include the spatial distribution of different forest stands, DBH distributions and species, assist in determining optimal combinations and locations of technical and silvicultural measures for a given site. Furthermore, they enable rockfall hazard zoning with and without taking into account the effect of forests. As such, an accurate assessment of the protective effect of a forest stand can be undertaken. Validation of these models is primarily being done by comparing simulated and mapped deposit positions of previous rockfall events or by comparing simulated rebound heights with mapped tree impact heights. The latter can be mapped directly on the tree stem or by using treering data (Stoffel et al 2006) .
The preparation for detailed model simulations are time and labour intensive, as many parameters require precise measurements and mapping campaigns in the field. At the same time, methods to estimate parameter values that determine the elasticity and roughness of slope surface -two very important parameters in rockfall simulation models -are still very subjective and qualitative.
Rockfall simulation models can also be coupled with forest growth simulators (Botkin et al 1972 , Shugart 1984 , Hasenauer et al 2000 , Bugmann 2001 , Courbaud et al 2001 , Lexer & Hönninger 2001 , Rammig et al 2006 . This allows for investigation of the effect of silvicultural interventions on the future protective effect of a forest. As such, they provide solutions for dealing with uncertainties on the effect of silvicultural interventions over long periods of time, and thus address the slow rates of tree regeneration and tree growth of mountain forests. However, over long periods of time these forests may be influenced by the rapid destructive forces such as rockfall, snow avalanches, and windstorms, and, to a certain extent, ungulate browsing. To account for all these disturbances in a simulation model is almost an impossible task. Developing a coupled forest growth rockfall model, that includes the interaction between the biotic and abiotic processes (e.g., increased tree mortality due to rockfall impacts) is already challenging enough. An attempt in this direction is currently being made with the PICUS forest stand development simulation model, as described by Woltjer et al (2007) . Attempts to couple forest growth with rapid rockfall assessment tools have been done by Brauner et al (2005) and Wehrli et al (2006) . Currently, an attempt is being made to couple Capsis (e.g., Courbaud et al 2001) and Rockfor.net (Berger & Dorren 2007) . To improve coupling of such models, more knowledge is needed on the impact of rockfall on the long term resilience and stability of forest stands; e.g., quantifying the increased mortality in the stand due to rockfall.
Finally, simulation models can be used as decision-support tools. For example, if thinning is to be carried out to promote regeneration, the protective effect is likely decreased locally and temporary. In such a case, the application of an accurate, spatially explicit rockfall model allows determining the Since stand stability is mostly at risk in over-mature stands that lack sufficient regeneration, management interventions in rockfall protection forests often aim at thinning or creating gaps to allow more light into the forest stand. To increase terrain roughness, a common recommendation in rockfall protection forest management is to leave the trunks of cut trees lying on the slope (Figure 9 ), preferably diagonally to the slope direction, to create obstacles (Mössmer et al 1994 , Schwitter 1998 , Dorren et al 2005 , Frehner et al 2005 . These diagonally positioned logs prevent the development of rock accumulations and allow continued rock transport in a controlled manner. The experience in Austria is that larger Picea abies trees (DBH > 50 cm) can act as effective rockfall barriers for approximately ten years (Dorren et al 2005) . A similar increase in terrain roughness was observed in snag stands (Kupferschmid Albisetti et al 2003 , Ammann 2006 ) and on uncleared wind-throw areas (Frey & Thee 2002 , Schönenberger et al 2005 . Both latter studies have reported effective protection against rockfall and/or avalanches for 30 years. Additionally, high tree stumps (e.g., > 1.3 m) have been noted to further reduce residual rockfall hazard on a site (Dorren et al 2005 , Frehner et al 2005 .
Forest roads provide an example of how forest management influences terrain characteristics and, therefore, the rockfall process. Dorren et al (2005) reported that roads stopped 13-15% of the falling rocks both on forested and non-forested slopes with a gradient of 38°. A similar effect was observed at the Stotzigwald site close to Gurtnellen (Canton Uri, Switzerland) in December 2002, when a large rockslide was stopped on a forest-road, leaving a crater approximately 1 m deep. 2 Another example was observed in 2004 at the Gschösswand in the Zillertal (Austria) as shown in Figure 10 . intensity of the intervention to prevent a significant increase in the residual rockfall hazard (i.e., number of rocks travelling through the forest).
Management of rockfall protection forests
Target values of stand parameters for effective protection have been established since the 1990's (Chauvin et al 1994 , Wasser & Frehner 1996 . In the minimal tending guidelines for managing rockfall forests developed by Wasser & Frehner (1996) , the proposed stand density is independent of the size and energy of the falling rock (400 trees/ha). The minimal tending guidelines aim at optimising protective effects of forests with as little intervention as possible. Based on the real-size experiments, Dorren et al (2005) concluded that the number of impacts against trees were generally more important than the efficacy of a single impact expressed in the amount of energy dissipated by a single tree. For example, it is known from experience that coppice stands can be very effective in stopping small rocks (Gerber & Elsener 1998) . Coppice stands have trees reproduced vegetatively from stumps or from suckering by roots. They grow faster than seedlings because they have complete root systems. Therefore, they produce «instant» and usually dense regeneration. The optimal combination of stand density and mean DBH, however, depends on the size and energy of the falling rock. Currently, the notion of rock-size dependent forest stand management has been integrated in new guidelines (Frehner et al 2005 , Gauquelin et al 2006 . These guidelines also provide values for maximal distances between trees in the fall direction. A limit of 20-40 m is often mentioned because, after falling 40 m down a slope without impacting trees, rocks can gain sufficient energy to destroy trees (Gsteiger 1993 , Wasser & Frehner 1996 , Dorren et al 2005 , Gauquelin et al 2006 .
In addition to the characteristics of the falling rocks and the characteristics of the stand itself, the protective effect of a forest also depends on terrain characteristics. Terrain characteristics known to significantly influence rockfall events significantly include: 1) slope angle, 2) surface roughness (structural features that influence the velocity of falling rocks, e.g., rocks and logs, and 3) surface damping (ground or soil characteristics that determine the amount of energy absorbed). Forest management can influence terrain characteristics in many ways.
The management of protection forests is to a large degree a trade-off between optimising the protective effect and assuring forest stand stability at present and over the long term (Dorren et al 2004) . 
Future challenges
One of the major future challenges in the rockfall source area is developing methods to predict when and what rock (type and size) will fall. Monitoring devices such as the terrestrial laser scanner, crack-meters or extensometers provide good opportunities for this, but methods have to be further developed. In the transit and deposit area the major challenge is to quantify the effect of different slope surfaces on the energy dissipation during a rockfall rebound and to develop objective methods for characterising the elasticity and roughness of different surface types. With respect to forest rockfall research we identified multiple challenges. The most important are:
• Obtaining knowledge on the behaviour of the root systems of trees during rock impacts as, until now, no approach exists for modelling the highly dynamic behaviour of the root-soil system during a rockfall impact.
• Obtaining quantitative information about the relationship between energy absorption capacity and DBH for multiple tree species, as well as information on how the energy absorption capacity decreases with increasing impact height on the tree stem.
• Studying the effect of the impact eccentricity, taking into account the kinetic energy of the rock, its shape and size as well as the height of the impacts using 3D information of the rock velocity.
• Gaining knowledge on the role of coppice stands in rockfall protection (energy dissipation, regeneration, etc.). The initial focus should be to determine how much energy can be absorbed by collectives of sprouts with small diameters in relation to the density and age of the coppiced trees. Rocks are sometimes trapped between branches as branches are highly flexible and therefore present different protection mechanisms than adult single trees.
• Obtaining a relationship between tree mortality and bark or tree wounds due to rock impacts and understanding mechanisms of the effects of rock impacts on mortality.
• Studying the relationship between the structural integrity or soundness of the wood (phytosanitary state) of trees and roots and their energy dissipative capacity.
• Studying the long-term effect of rockfall on the protective effect of forest stands taking into account silvicultural measures such as thinning, prevention of ungulate browsing and leaving tree trunks diagonally on the slope. This can be done by coupling rockfall and forest growth simulators, but should include field trials.
• Developing and validating easy-to-use tools for zoning the rockfall hazard in 2D with and without accounting for the effect of forests.
• Studying the effect of different forest stand structures and compositions on the protective capacity of a stand.
• Using laser scanning data for improving the digital terrain models used by rockfall simulation models and for characterising forest stand structures (stand density, spatial distribution of trees and diameter distribution derived from laser scanning data).
• Undertaking cost-benefit studies for rockfall protection using technical protective measures, protection forests or a combination of the two.
• Establishing monitoring, documentation and archiving systems for rockfall events to document and gain from the experience of practitioners in the field.
• Undertaking additional real-size rockfall experiments on sites with different terrain and forest characteristics.
conclusions
At present, it is difficult to provide probabilities that unstable rocks will actually fall as a function of a given time period. However, currently available methods allow us to assess the frequency of historical rockfall events and the distribution of the size of the falling rocks. The latter is very important since it determines the energy of the falling rock and the tree impact probability. As such, it also determines the optimal stand structure as well as the required mean tree diameter to dissipate the energy of the falling rock. Scientific research has recently provided basic relationships to determine stand structural parameters. There are, however, many remaining research challenges to improve our knowledge of these relationships. Regarding practical aspects of rockfall protection forest management, detailed guidelines currently exist and evolve con- stantly as new scientific knowledge becomes available. This process should be continued, but there is also a need for the development of easy-to-use tools for zoning the rockfall hazard in 2D with and without accounting for the effect of forests. n
